Improvements in standards of analytical accuracy and precision are now firmly established goals in clinical biochemistry. A number of factors have contributed to this. Among them are the appreciation of the value of sequential studies of changes in levels of plasma constituents during the course of an illness, provided that these changes can be distinguished reliably from the inherent variability of the analytical procedures. Furthermore, increased accuracy will lead to a higher degree of standardization of clinical laboratory data: this is important in view of the growing mobility of populations and the likelihood that a patient will attend more than one hospital. Improvements in analytical practice have themselves served to indicate the need for still greater accuracy and precision, in that they have shown the clinical significance of quite minor biochemical changes. Most clinical chemistry laboratories now operate quality control programmes routinely, and the comparison of the analytical performance of different laboratories by interchange of specimens of known composition is increasing.
However, enzyme assays have so far benefited less than other procedures from advances in methods of quality control. This is largely due to the physicochemical nature and functional characteristics of enzymes themselves. Efforts to improve the quality of analysis have largely been directed towards monitoring and improving within-batch and between-batch precision and improving accuracy. In enzyme analysis the principal difficulty is to find a satisfactory method by which the accuracy of a determination can be assessed. This paper discusses possible approaches to the calibration or standardization of enzyme assays, as well as problems encountered in assessing precision.
Enzymes are catalysts, and in almost all cases are assayed by measurements of their catalytic activities, ie, the extent to which they increase the rate of a given chemical reaction. This is dependent on the conditions under which it is measured, including the 22 concentration of the reactants, temperature, and pH. The sensitivity of the rate of a chemical reaction to changes in such conditions is generally much greater in the presence of an enzyme than in its absence. As enzyme activities depend on the conditions under which they are determined, a particular unit of enzyme activity must depend on the particular method of assay. It is not practicable at present to determine absolute quantities or molar concentration of an enzyme except in a very few cases. A given enzyme is rarely present in a sufficiently pure form for its concentration to be estimated by a determination of protein. Also, while a knowledge of the specific molecular activity of the enzyme under the conditions of assay would allow activity measurements to be translated into molar concentrations, such information is scanty; even if this were available estimations of activity under strictly defined conditions would still be necessary. Since estimation of enzymes for clinical purposes must continue to depend on activity measurements, two approaches to standardization are possible. The first is the fomulation of agreed standard methods of assay which define corresponding enzyme units. The second is the provision of reference preparations of enzymes to which are assigned agreed values of activity; these preparations may then be used as calibration standards in secondary methods of enzyme estimation, or as quality control preparations to assess analytical performance. The two approaches are not mutually exclusive; indeed, the existence of reference enzyme preparations presupposes that these have been assigned values on the basis of activity determination, unless a completely arbitrary choice of values is accepted. Therefore, standard methods of analysis and the availability ofreference preparations of enzymes are both desirable in clinical enzymology. At present agreement on standard methods of analysis, at least for the more frequentlyestimated enzymes, seems to be the more easily attainable goal and one that is being actively pursued by specialist groups.
The Nature and Origin of Diversity in Enzyme Assay Procedures
The prime consideration in the design of an enzyme assay method is that the amount of enzyme present should be the only variable which affects the reaction rate. This condition is more likely to be met if the assay procedure ensures optimal substrate concentration, pH, temperature, etc, and thus many of the modifications that have from time to time been made to assay methods have been motivated by the desire to achieve optimal conditions. Unfortunately, it has not always been appreciated that such modifications almost inevitably result in an alteration in the enzyme activity as measured by the method.
The use of suboptimal conditions does not necessarily invalidate an assay procedure, particularly if only one type of enzyme or isoenzyme is to be measured. For example, the ratio of two enzyme activities will be independent of substrate concentration provided that the two samples have similar Michaelis curves, ie, the same Michaelis constant, Km. However, when the Michaelis constants of the two samples differ, the ratio of the two activities becomes increasingly dependent on substrate concentration as this falls progressively below saturating levels (Fig. 1) . One source of variation in Km from one enzyme sample to another is a difference in their isoenzyme composition, such as is well recognized in the case of lactate dehydrogenase isoenzymes. It should be emphasized, however, that changes in Km of the magnitude of those shown for the alkaline phosphatase samples in Fig. 1 can arise even when no change in the isoenzyme is involved. Alkaline phosphatase Km values are affected by the composition and degree of purity of the enzyme solution (Moss, Campbell, AnagnostouKakaras, and King, 1961) so that different serum samples do not necessarily show the same Km values even when they contain the same isoenzymes. The Michaelis constant of alkaline phosphatases is also very markedly dependent on pH in the region of pH0, at whichphosphatase assays areusually carried out (Fig. 2) , so that inadequate control ofpH can cause variation in the apparent Km. Vesell and others have pointed out the effect of temperature on the shape of the Michaelis curves of lactate dehydrogenase isoenzymes (Vesell and Pool, 1966) . Similar considerations apply to other variables in the enzyme assay system, notably the effects ofpH and temperature. The shape of the pH-activity curve of an enzyme in the region of the optimum is largely governed by the ionization characteristics of functional groups in the active centre, but at more extreme pH values factors such as enzyme stability come into play to an extent which may affect enzyme concentration. Thus, the ratio of the activities of two samples of the same enzyme is independent of the pH of measurement when this is close to the pH optimum, but may not be so when sub optimal pH values are used. Figure 3 shows this effect for alkaline phosphatase. The several variables in the assay system may be so interrelated that it may not be possible to achieve optimal values for each and some degree of compromise may be necessary. This is especially true when fixed-time assays are used or when a single assay system is to be applied to samples which contain mixtures of isoenzymes in varying 08. -
0'4 L. proportions, as is the case with human lactate dehydrogenase in serum, since optimal conditions for the activity of isoenzyme 1 are significantly different from those for isoenzyme 5 (Gay, McComb, and Bowers, 1968) . Another reason for the modification of methods of enzyme estimation is to improve analytical sensitivity or specificity of the methods that are employed to determine the amount of chemical change taking place. The scope for this type of modification is greater when enzyme specificity is low so that the nature of the substrate can be varied, as exemplified by the many substrates that have been used in the assay of alkaline phosphatase; but even without changing substrate, sensitivity can be increased by changing the method of estimating the product. The extent to which the results of unmodified enzyme assays can be compared with those obtained after modification depends on the nature of the changes which have been made. If these do not include alterations in the conditions under which the enzyme acts, or in the nature of the substrate, the results should be fully comparable. For example, the method chosen for the estimation of phenol released from phenyl phosphate by phosphatase does not affect the level of enzyme activity. However, when the conditions of hydrolysis are changed, eg, by changing the substrate from phenyl phosphate to p-nitrophenyl 600, Determined at 2S°C phosphate or merely by altering the pH or nature of the buffer, the level of enzyme activity is also altered. The foregoing discussion of the complex relationships that obtain between the many variables in an enzyme assay system indicates the difficulty that may then be encountered in relating units derived from the modified method to those from the original procedure. Not all alterations to methods of enzyme estimation are intentional, however. When procedures have been long established a gradual drift from the specified protocol often takes place and may result in considerable modification of the method. The significance of the results consequently undergoes change.
The foregoing arguments may be summarized as follows. First, the variables in all enzyme assay procedures must be rigidly specified and controlled. Enzyme activities should not be reported in terms of units which imply a particular method unless that method has been strictly followed. It is desirable that the methods on which enzyme units in common use are based should be re-examined and re-stated to remove ambiguity. Secondly, since many older methods are clearly unsatisfactory in the light of recent advances in enzymology, new definitive assay methods are needed for enzymes of importance in clinical enzymology. The reference catalyst may therefore be an enzyme of similar function but of markedly different stability characteristics prepared from a non-human source. It may be an enzyme that has been modified chemically to increase its resistance to denaturation at the expense of some alteration in properties. It may, indeed, not be an enzyme at all but some other form of catalyst. For example, the cyclohexamyloses described by Bender and others (Hennrich and Cramer, 1965; Bender, van Etten, Clowes and Sebastian, 1966) possess esterase activity towards a number of organic esters, and, although their degree of activity in this respect does not compare with that of true enzymes, compounds of this nature may have properties that make them suitable for testing the accuracy of reaction rate measurements However, if the purpose of enzyme reference preparations is to control the routine operation of assay methods, or to calibrate one method in terms of another, then the reference sample should be as closely similar as possible to the unknown samples under test. Neglect of this principle can result in error if factors operating in the test system affect the enzymes in the unknown and reference samples differently. For example, a change which results in suboptimal conditions, and therefore in reduced activities, for the unknown enzyme samples may not have the same effect on the reference preparation if this is of different isoenzymic composition or properties, and instances in which preparations of non-human alkaline phosphatase have failed adequately to controlestimations of the human enzyme have been reported (MacWilliam, Moody, and Silk, 1967; Bowers, Kelley, and McComb, 1967 (Moss, 1969; Wolf, Dinwoodie, and Morgan, 1969) . Placental phosphatase, and also intestinal phosphatase, are relatively less effective in their action on some chromogenic substrates such as p-nitrophenyl phosphate than on non-aromatic phosphate esters such as fl-glycerophosphate. There are also differences in relative rates of breakdown of pnitrophenyl phosphate and thymolphthalein monophosphate by liver and intestinal phosphatases. These differences imply that if, for example, a conversion factor for translating p-nitrophenyl phosphatase units into thymolphthalein monophosphatase units is established by comparisons based on samples which contain intestinal phosphatase, this factor will not be valid when samples containing liver or bone phosphatases are analysed. It follows that some substrates provide a more sensitive assay than others for certain isoenzymes.
Possible Approaches to Enzyme Stabilization
As already mentioned, the constancy of the activity of an enzyme depends on the preservation of the three-dimensional structure of its molecules. Also important is the protection of vulnerable amino acid side chains which may have an important role in the catalytic mechanism. Reactive groups on the exterior of the molecule probably play only a small part in determining overall conformation but modification of external charged residues may nevertheless affect stability. Ways of increasing the stability of enzyme molecules may be divided into those designed to protect the molecules from the access of denaturing or inactivating factors, and those designed to increase the resistance of molecules to these factors (Fig. 8) .
Examples of the first approach, ie, the prevention (Moss, 1970) . A similar effect is noted when enzyme molecules are attached to an insoluble matrix, commonly by their terminal and side-chain amino groups (Silman and Katchalski, 1966) . This latter procedure probably also increases stability by making the enzyme molecule more rigid, but it must be remembered that slight conformational changes appear to be an essential feature of the mechanism of enzyme catalysis and, while these intramolecular movements are probably of a lower order of magnitude than those involved in denaturation, the need for some degree of molecular flexibility will ultimately limit the extent to which the enzyme molecule can be stiffened. conformation mainly on the existence of multiple hydrophobic interactions and hydrogen-bonding. However, the attachment of enzymes to soluble matrices seems to be an approach to stabilization which merits exploration. These several ways of increasing the stability of enzyme preparations differ in the degree to which the catalytic properties of the enzymes are changed. Such changes must be taken into account when modified enzymes are put to use in standardization and control of enzyme assays, for the reasons discussed earlier. The preservation of an acid pH or reducing conditions in the environment should not significantly alter functional characteristics, but the chemical modification of reactive groups may be expected to alter catalytic properties to an extent which will depend on the relationship between these groups and the active centre. In the example of the acetylation of human alkaline phosphatases referred to previously, the modified enzymes are unchanged in their Michaelis constants and not significantly different from the native forms in substrate specificity, as judged by their relative orthophosphatase and pyrophosphatase activity. There is a slight alkaline shift in the pH optimum of intestinal alkaline phosphatase but this is due to the changes in pH stability characteristics rather than to a modification of the active centre; it would thus be expected to be more pronounced in assay methods depending on an extended incubation period. Unfortunately, liver phosphatase is affected less than intestinal phosphatase by acetylation, while the increase in stability of the intestinal isoenzyme is not such as to meet the requirements of a reference enzyme preparation.
While the application of these principles to the production of enzymes possessing long-term stability is at the moment in an elementary state, knowledge of enzyme structure is growing rapidly and enzyme technology is consequently also expanding quickly. The prospects for the production of stabilized enzyme preparations of defined characteristics as a result of systematic research programmes therefore are encouraging.
In summary, therefore, two initiatives in the 
